We developed a new synthetic route of water-soluble complexes using TiCl 4 and Ti(SO 4 ) 2 as starting materials. The yield of Ti and the removal rate of the Cl ¹ ion were over 85 and 98%, respectively. The lactato titanium complex solution obtained by this new synthetic route remained stable for more than 3 months without any precipitation. Single-phase CaTiO 3 , SrTiO 3 , and BaTiO 3 were synthesized from the lactato titanium complex by heating at 873 K for 5 h. The nano-structured CaTiO 3 , SrTiO 3 , and BaTiO 3 particle sizes were 50, 30, and 30 nm in diameter, respectively, and smaller than those obtained by the solid-state method. We have succeeded in the synthesis of very fine particles of CaTiO 3 , SrTiO 3 , and BaTiO 3 at a temperature 400 K lower than that required for the solid-state method.
Introduction
Ceramics containing titanium have been widely used in recent years. As a simple oxide, titanium oxide has long been utilized in white paint due to its high refractive index and masking property. More recently, it has also been utilized as a gas sensor 1) ,2) and photocatalyst 3),4) because of its semiconductivity. In complex oxides that contain Ti, PZT 5),6) is known as an excellent ferroelectric material; however, studies on BTO 7)9) and SBT 10), 11) as alternative ferroelectric materials without Pb are in progress.
Complex oxides that contain Ti are industrially produced by the solid-state method using TiO 2 powder and metal carbonate powders as starting materials. Synthesis by the solid-state method can be carried out with simple operations and equipment because it requires only the processes of grinding the starting materials into powders, mixing the powders, and then firing the mixture. Since the raw powders cannot be mixed homogeneously, synthesis by the solid-state method requires high temperatures, which then cause the growth of large crystals. Therefore, it is difficult to obtain the nano-structured particles required for today's applications. On the other hand, solution methods have advantages in that metal salts and titanium can be homogeneously mixed at the ion level. Therefore, synthesis can be conducted at temperatures lower than those required for the solidstate method, and fine particles can be obtained. The titanium materials usually used in solution methods are titanium chloride, sulfate, and alkoxides such as titanium-tetra-isopropoxide (TTIP). Since these titanium materials very easily react to water and are hydrolyzed even with water vapor in the air, they are very difficult to handle. On the other hand, recently developed watersoluble titanium complexes 12)16) are coordinated by hydroxy carboxylic acids as a ligand and have very high affinity with water (Kakihana et al. 2001 ). Water-soluble titanium complexes, which are easy to handle because they are hydrolyzed in air, make it possible to use harmless, inexpensive, neutral water as a solvent. Because they do not require the use of strongly acidic solvents or organic solvents to prevent hydrolysis, water-soluble titanium complexes have a relatively small environmental impact. Although the synthesis of titanium-based ceramics using water-soluble titanium complexes has been reported, 14) ,17) 19) expensive ultrafine metallic titanium powder has been used as a starting material.
In this study, we tried to develop a new synthetic route of water-soluble complexes using TiCl 4 and Ti(SO 4 ) 2 , which are more cost-effective than titanium powder, as starting materials. In the reported synthetic route of titanium complexes that are all anions, the only counter-ion was the NH 4 + ion originating from ammonia solution. On the other hand, in the new synthetic route, alkaline and alkaline earth metal ions coexist as counter-cations to avoid undesirable N in the final product. In this paper, we report a new synthetic procedure for water-soluble titanium complexes. Various titanium complex oxide ceramics were synthesized using the new procedure.
Experimental
TiCl 4 (99.0 mass %, Kanto Chemicals Co.) and Ti(SO 4 ) 2 (27 33 mass %, Wako Pure Chemicals Industries, Ltd.) were used as starting titanium sources. TiCl 4 (1.3 ml; 11.79 mmol) or Ti(SO 4 ) 2 (10.3 ml; 11.53 mmol) was slowly dropped into 100 ml distilled water with magnetic stirring. A white precipitate of Ti(OH) 4 formed when 20 ml of 3 M NaOH was added to this suspension with vigorous stirring. The precipitate was separated by vacuum filtration and washed with 0.01 M HCl and distilled water to remove Na . One hundred mmol of lactic acid (85.092.0%, Kanto Chemicals Co.) was added to the peroxo titanium complex solution as a complexant agent to obtain a water-soluble lactato titanium complex. Once the lactato titanium complex aqueous solution was dried at 338 K to remove excess H 2 O 2 , the yellow gel-like substance was dissolved in distilled water. A Ti concentration of the lactato titanium complex solution was quantitated by ICP (Seiko Instruments, Inc., SPS-1200VR).
CaCO 3 (99.5%, Wako Pure Chemicals Industries, Ltd.), SrCO 3 (96.0%, Kanto Chemicals Co.), and BaCO 3 (99.0%, Kanto Chemicals Co.) were dissolved in the solution. The molecular ratios were M (M = Ca, Sr, Ba):Ti:La = 1:1:10. The solutions were dried at 393 K, yielding yellow gel-like substances that were heat-treated at 623 K to form amorphous precursors. After being crushed, the precursors were annealed at 873 to 1273 K for 5 h. CaTiO 3 ions were determined by XRF using an Rh anode (HORIBA, XGT-2700, excitation voltage: 30 kV, excitation current: 0.8 mA). The precursors were analyzed by TGDTA analysis between 298 and 1273 K (Bruker AXS, 2020SA-TU19, heating rate: 5 K/min). The products were characterized by XRD with Cu K¡ X-rays (RIGAKU, GeigerFlex RAD-2X, Cu K¡ = 0.15418 nm, scan speed: 2°/min, scan step: 0.02°, scan range 2ª: 2060°).
The particle morphology of the products was investigated by TEM observation (HITACHI, HF-2200TU, acceleration voltage: 200 kV).
Results and discussion
The removal ratios of Cl ¹ and SO 4 2¹ and the yield of Ti are shown in Table 1 . The yields of Ti were 85.7 and 86.7% for TiCl 4 and Ti(SO 4 ) 2 , respectively, indicating that most of the Ti was collected by the filtration process. Cl ¹ showed a higher removal rate of ions than did SO 4 2¹ , which may have been due to the strong adsorption ability of SO 4 2¹ . From this result, we concluded that TiCl 4 is a better Ti starting material than Ti(SO 4 ) 2 . Therefore, we used TiCl 4 for the synthesis of complex oxides. The Ti(OH) 4 white precipitate was dissolved by adding hydrogen peroxide and became a red transparent solution when lactic acid was added. This lactato titanium complex solution remained stable for more than 3 months without any precipitation. In an earlier study, the structure of a lactato titanium complex was determined in (NH 4 development of a new synthetic route of water-soluble titanium complexes was successfully achieved using TiCl 4 and Ti(SO 4 ) 2 , which are less expensive than metallic titanium powder, as starting materials. TGDTA curves of CaTiO 3 , SrTiO 3 , and BaTiO 3 precursors, shown in Fig. 1 , were obtained by calcining the lactato titanium complex solution containing each alkaline earth metal at 673 K. A large exothermic peak and weight loss were observed in all precursors at around 873 K due to the combustion of organic components originating from lactic acid, suggesting that a temperature of 873 K or higher is necessary for the crystallization of the final complex oxides. The XRD patterns of the samples heat-treated at 873, 1073, and 1273 K for 5 h are shown in Fig. 2 . CaTiO 3 was obtained as a single phase at 873 K in the solution method. On the other hand, in the solid-state method, the sample was not a single phase of CaTiO 3 containing rutile even after being heated at 1273 K. Although the synthesis of single-phase SrTiO 3 and BaTiO 3 was possible by heating at 873 K and above by the solution method, the solid-state method required heating at 1273 K to obtain single phases of SrTiO 3 and BaTiO 3 . Since single-phase complex oxides were successfully obtained through the solution method at a temperature 400 K lower than that required for the solid-state method, the metal ions could be homogeneously mixed in the new synthetic route of water-soluble titanium complexes without the segregation of metal ions. Moreover, since XRD peaks of sodium titanate were not observed from all products, Na + was considered completely removed by washing the precipitate of Ti(OH) 4 with diluted HCl and water. STEM images of CaTiO 3 , SrTiO 3 , and BaTiO 3 obtained by heating at 1273 K for 5 h by the solution method and the solid-state method are shown in Fig. 3 . While the particle of CaTiO 3 obtained by the solution method was very fine, i.e., 50 nm in diameter, the particle of the solid-state method was large, i.e., 300 nm. Furthermore, the particle sizes of SrTiO 3 
Conclusion
We have succeeded in developing a new synthetic route of water-soluble titanium complexes using TiCl 4 and Ti(SO 4 ) 2 as starting materials at a lower cost than the conventional metallic titanium powder as well as in synthesizing the titanium-based complex oxides, CaTiO 3 , SrTiO 3 , and BaTiO 3 , through the new route. Titanium was collected at a yield as high as 85% or more, and impure ions, such as Na , were almost completely removed through this new synthetic route of watersoluble titanium complexes. Moreover, water-soluble lactato, citrato, malato, and glycolato titanium complexes in aqueous solutions prepared by this new route were very stable and did not cause precipitation for 3 months. Using this lactato titanium complex, we have succeeded in the synthesis of very fine particles of CaTiO 3 , SrTiO 3 , and BaTiO 3 at a temperature 400 K lower than that required for the solid-state method. We propose this procedure as a new synthetic process that enables the synthesis of various titanium-based ceramic materials at a low cost and low environmental load. 
